Abstract-A pixelated MIMO wireless optical communication system is introduced, which transmits a series of time-varying coded images that can be received and decoded by commercial digital cameras. The system exploits the bokeh effect to obtain fixed-scale images at all link distances by placing a convex lens in front of the transmitter array at its focal length and focusing the receiver at infinity. This spatial-angular mapping simplifies the receiver structure requiring no re-focusing as the receiver moves. As an additional benefit, this mapping can also be exploited to provide location information to the receiver. The channel model is measured and modeled and rateless codes are applied to track the truncation of receive images for various link ranges and angular offsets. A proof-of-concept optical communication system is implemented with an LCD display and a high-speed CMOS camera.
I. INTRODUCTION
V ISIBLE light communications (VLC) is an exciting technology which leverages existing light-emitting diode (LED) illumination infrastructure to provide broadband optical communication links [1] . Transmitters are ubiquitous and found in LED lighting, backlighting and display technologies among many others. Equally ubiquitous mobile devices with integrated cameras offer great potential to work as VLC receivers. Though LED illumination devices are widespread, they are typically not optimized for communication applications and have limited modulation bandwidth of several MHz [2] . An attractive way to enable broadband links is to employ multiple LED transmitters and pixelated receivers to improve the spectral efficiency of VLC links based on illumination devices. Employing cameras with large numbers of pixels, such systems are often termed "pixelated" or optical camera communication (OCC) systems [3] .
There is an established body of research into multipleinput/multiple-output (MIMO) optical wireless systems. In its simplest form, two-dimensional (2D) barcodes encode data in an array of black and white printed squares that are imaged with a camera. Among the most popular are QR codes [4] , that constrain imaging distance and require alignment to obtain data from a single image. In [5] , a short-range pixelated MIMO VLC system was demonstrated. A liquid-crystal display (LCD) was used to send a series of coded images that were captured by a high-speed camera. Spatial discrete multitone (SDMT) was applied to achieve spatial multiplexing gain without the need of precise spatial alignment, however, channel knowledge is required to adjust the magnification to avoid aliasing. In [6] , the impact of vignetting on SDMT was explored and the use of asymmetrically clipped SDMT and DC-biased SDMT were also compared. Similar work was also presented in [7] , where multiplexing and diversity gains were characterized in the presence of perspective distortions, different viewing angles and blurs. In [8] , a rate adaptive system was implemented by adjusting the transmit frames according to the error feedback from the receiver. A common thread in these previous studies is that MIMO VLC systems were sensitive to a variety of impairments and careful calibration was required to compensate for misalignment, defocus aberration, magnification, vignetting and receiver orientation.
There has also been work in optical MIMO techniques in related areas apart from pixelated links. In [9] , systems based on LED and photodiode arrays were used. Imaging and nonimaging approaches were discussed as well as experimental results. In [10] , two types of angle diversity receivers were proposed. Photodiodes were arranged based on hemispheric and pyramidal shapes and their performances were compared in terms of bit error rate (BER) and capacity with other traditional receivers. In [11] , a 4 × 4 array MIMO setup was presented and spatial multiplexing and modulation are compared. A multi-gigabit/s indoor VLC system was presented in [12] using MIMO-OFDM and a 2 × 2 channel setup. A majority of these earlier designs are based on non-imaging systems and achieve more robust performance over longer working distance compared to the imaging systems. Optical MIMO techniques have also been applied in other contexts such as free space optical links [13] , optical fiber [14] and for holographic storage [15] . In spite of the activity in these related areas, spatial alignment of such MIMO systems remains a key challenge.
In this paper, inspired by the "Bokode" 2D barcode [16] , a fixed-scale pixelated MIMO VLC system is introduced. The transmitter is an array of emitters with a collimating lens placed in front. This lens can be thought of as performing a space-to-angle mapping and data are thus transmitted in the angular domain rather than in space directly. Focusing the receiver at infinity, a sequence of time varying images can be captured by a high-speed camera. The advantages of 0733-8716 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. this configuration are that system magnification remains fixed regardless of position and there is no need to re-focus the receiver as it moves. Such a design is attractive in cases where the transmitter operates as a "data shower" that broadcasts to many simple receivers such as smartphones. In particular, such a fixed-scale pixelated VLC link could be implemented using an array of μLEDs [17] which have been demonstrated at a pixel pitch on the order of 10 μm and bandwidth of over 100 MHz [18] . The remainder of the paper is organized as follows. Section II examines the basic features of the channel and presents a channel model. Section III introduces the system design as well as the application of rateless codes. In Section IV, a proof-of-concept system is designed and simulation as well as experimental data are presented. Finally, in Section V, the work is summarized and general conclusions are drawn.
II. FIXED-SCALE MIMO CHANNEL
A. Overview Figure 1 presents a block diagram of the fixed-scale pixelated VLC channel. The transmitter is an array of optical intensity emitters that can be independently addressed and modulated in time. A convex collimating lens, termed the transmit lens, of focal length f 1 is placed in front of the transmitter array. After a propagating distance of u, a receiver camera, focused at infinity, captures the receive image. This optical configuration, introduced in [16] , maps each transmit pixel position to a set of transmitted angles relative to the normal of each lens. That is, the transmit lens can be thought of performing a space-to-angle mapping of the transmitted data whilst the receiver lens performs the inverse operation.
Consider the system diagram in Fig. 1 where f 1 and f 2 are the focal lengths of the transmit and receive lenses respectively separated by distance u (measured between optical centers of the lenses) and I t , I r are the sizes of the transmit image and the corresponding receive image. The magnification, M, of the optical system can be found assuming thin lenses via the thin lens formula, similar to [16] , to be
Notice that M is independent of the distance u while in conventional imaging MIMO optical wireless systems the magnification M ∝ 1/u. Hence, in the fixed-scale pixelated MIMO system the scale of each transmit pixel captured at the camera stays fixed removing the need for refocusing. Alternatively, the transmitter sends data in angular domain rather than directly in spatial domain. As u increases, the set of angles subtended by the receiver is reduced resulting in a truncation of transmit pixels visible to the receiver. Notice that the truncation window size and position depend solely on the position of the camera. In the following, a detailed model of this optical communications channel is presented.
B. Channel Model

1) Coordinate Systems:
Define the transmit coordinate system (TCS) in Fig. 1 centered at O , which is the intersection of the transmit image plane and the optical axis of transmit lens, denoted by (x , y ). Analogously, define the receive coordinate system (RCS) centered at O with coordinates denoted by (x, y). Fig. 1 shows a cross-sectional view of the system in the plane formed by the optical axes of both lenses. The transmitter and receiver planes are separated over a range u along the optical axis of transmit lens. In general, the optical center of the receive lens is displaced by a vector δ pointing from the optical axis of transmit lens. Additionally, as shown in the figure, the axes can also be inclined relative to each other. As a simplifying assumption, we assume that the RCS is rotated by a small angle θ about x-axis.
In the case when θ = 0, it can be shown the origin O in TCS maps to O in RCS regardless of δ or u. This can be justified by noting that the angle of each transmitted ray relative to the normal of the receiver lens is unaffected by changing range, u, or shift, δ.
In general, if the optical axes of transmit and receive lens are tilted by small angle θ , θ ∈ [0, π/2), O maps to O im and there is a fixed translation between the TCS and RCS. This occurs because the angle of each transmitted ray relative to the normal of the receive lens is modified by the tilt of the receiver. Notice, however, that the translation between TCS and RCS remains independent of δ, u and M remains fixed.
The mapping between TCS and RCS can be compactly written as:
where − f 2 tan θ represents the fixed translation due to the inclination of the receiver.
2) Windowing:
Truncation of the receive image occurs due to the limited angular subtense of the receive lens by its finite aperture. This effect is described by a 2-dimensional window function W (x, y) defined over domain W in the RCS. Given that most commercial lenses are circular, we assume the domain W to be circular.
The domain over which the window is defined can be parameterized by its center and diameter. The center of the window is the projection of the transmit pixel which connects the optical centers of the transmit and receive lenses onto the receive plane. Given the assumptions of the previous section, the center of the window lies at (0, y p ) where
for small θ ∈ [0, π/2). The window center can be derived geometrically for the case of θ = 0 using The window diameter can be similarly derived in the general case, using ray optics to yield
where θ ∈ [0, π/2) and u > l r /2. In the case of θ = 0 and using Fig. 2 , d is determined geometrically by the extremal angles which are subtended by the receive lens. In particular, using the similar triangle relation E FG ∼ E J H gives 
The value of W (x, y) within the domain is determined by the number of ray bundles received at a particular angle. Assume each transmit pixel emits intensity isotropically. Light transmitted from a given transmit pixel is assumed to leave the collimating lens as a cylindrical beam with a uniform power distribution. The intersection of a portion of the cylindrical transmit beam by the receive lens results in a variation of gain over the domain for W (x, y), which can be found by ray tracing. In particular, Fig. 3 plots the normalized window gain over a cross-section of the domain. Notice that in this case the gain is symmetric about the optical center and is flat near the center since the entire transmit lens is imaged on the receive plane.
3) Point-Spread Function and Noise: The point-spread function (PSF) is fundamentally limited by diffraction due to the finite apertures of components in the system. In general, the PSF is spatially variant, however, for systems in which the optical axes are nearly aligned (i.e., small δ and θ ) the PSF can be modeled as a spatial invariant low-pass filter. In general the PSF can be measured experimentally.
The system has both signal-dependent and signalindependent noise components. Signal-dependent noise arises from shot noise and dominates when high transmitter illumination is present while in high background illumination the noise is signal-independent. In this work, due to the high ambient light conditions, the noise is modelled as being signalindependent, however, cases where signal-dependent noise is found to be dominant will require modification of the detection algorithm rather than the channel model. The Raptor code discussed in Sec. III-B is able to adapt to varying noise levels in the channel as well as local interferers which would change noise statistics for some sub-pixel channels.
4) Overall Model:
The overall system model is shown in Fig. 4 . For simplicity, in the balance of the paper we restrict θ = 0 and δ to be small. The model can be easily generalized in practice and, as will be shown in Sec. IV, the prototype system is robust over different positions of the receiver and transmitter.
Assume the receiver and transmitter are synchronized in time. A receive frame consists of n r × n r pixels spaced at D r and the corresponding single transmit frame consists of n t ×n t pixels spaced at D t from each other. Moreover, assume that the center of the transmit image, i.e., O , is in the center of a transmit pixel (when n t is odd) or the intersection point of four neighboring pixels (when n t is even). Let i (x , y ) denote the transmitted image. Define p t (x , y ) as the transmit pixel aperture function which denotes the spatial optical intensity distribution of each transmit pixel. In this model, the transmit aperture function is assumed to be identical for each transmit pixel. The data assigned to the transmit pixels are denoted as a[m, n] ∈ {0, 1} where m, n ∈ [0, n t − 1]. The transmit image can then be written as,
The mapping between TCS and RCS in (2) can then be applied to yield the corresponding image i (x, y). The impact of the finite angular subtense of the receiver will window the received image, as discussed in Sec. II-B.2. The resulting received image, i r (x, y), after windowing is
Let h(x, y) denote the overall PSF of the optical system and p r (x, y) denote the receive pixel aperture assumed to be identical for all receive pixels. The combined channel response considering both effects is h all = h(x, y) * p r (x, y) where * denotes two-dimensional convolution. In practice, since the receive pixel is much larger than the PSF of the imaging system, h all (x, y) ≈ p r (x, y). Again, it is assumed that the origin of the image plane is either at the center of a receive pixel (when n r is odd) or the intersection of four neighboring pixels (when n r is even) to ensure symmetry. The receive imager integrates the intensity over each pixel and outputs an estimate r [k, l]
where k, l ∈ [0, n r − 1]. The noise samples are assumed to be i.i.d and Gaussian.
In most cases, the receiver array has a large number of pixels which oversample the received image. That is, each transmit pixel is oversampled and captured by a set of receive pixels. With this added degree of freedom, the receiver can perform spatial synchronization to determine the location of each transmit pixel in W and perform spatial filtering to provide a detection statistic for each transmitted sub-channel, s [m, n] . More precisely,
where h r [k, l] is the receive filter and Q is the set of locations for each transmit pixel determined through spatial synchronization. Spatial inter-channel interference (ICI) is not considered in this model, however, ICI may impair the system performance in practice. In [3] , a novel spatial equalizing algorithm was proposed and can deal with the issue of image deblurring without a priori channel knowledge. Other methods used in optical links can also be modified for removing ICI in our design. In Sec. III-A the selection of oversampling ratio to minimize ICI is discussed. The s[m, n] are sent to a decision making module to determine estimates of the transmitted data for each subchannel denoted as a [m, n].
C. Tradeoffs
Consider the problem of estimating the number of subchannels available between the transmitter and receiver for a given distance and position. Using the notation of the previous section, let |Q | denote the number of transmit pixels that are imaged within the domain of windowing function, W , at the receiver. Given that the transmit pixel is a square with D t length sides, the number of transmitter pixels visible to the receiver can be estimated as,
There are several notable tradeoffs this approximation raises for system design.
1) A larger f 1 is preferred to obtain a larger viewable region at a fixed distance which increases the number of viewable transmit pixels at the receiver. However, from (1), increasing f 1 for a fixed f 2 reduces the magnification of system. This results in a smaller oversampling rate of transmit pixels at the receiver making spatial synchronization more difficult. 2) For a given system, according to (5), |W | ∝ 1 u 2 . Hence, the closer the camera is, the more sub-channels can be captured with no truncation, thus a higher data rate is available.
3) When the camera moves on the same plane at a fixed distance, |W | is not impacted and thus neither is |Q |. This is a consequence of spatial-angular mapping from the lens. 4) From (10), the number of viewable transmit pixels increases greatly with increasing lens size (i.e., l t and l r ). Practical constraints on lens sizes and form factors of receiver and transmitter will constrain this choice. These tradeoffs will be considered in our system design presented in the following section.
III. SYSTEM DESIGN
A. Parameter Selection
The selection of the optical parameters of both lenses will determine the communication performance of the system. In particular, l r , l t , f 1 , and f 2 must be selected to maximize the number of channels while maintaining a practical implementation.
Following (1), the system magnification is solely determined by f 1 and f 2 and is independent of u. Define the spatial oversampling ratio (OSR) as the number of receive pixels corresponding to each transmit sub-channel, i.e.,
Given that both transmit and receive pixels are modelled as square in shape, this OSR is only a rough estimation based on area. In practice, the sampling process may be affected by different translations and positions of the camera. The OSR must be selected to be large enough to allow for spatial registration of the transmit image by the receiver to minimize spatial ICI. Clearly, in order to receive more sub-channels, the selection of M via the ratio of focal lengths must be done to ensure the OSR is as small as possible while ensuring spatial synchronization. Following (10), the number available subchannels between receiver and transmitter is maximized by choosing the largest possible focal length, f 1 , and apertures, l t and l r . In practice, however, both commercial lenses and form factor constraints limit the freedom with which optical parameters can be selected. The f-number of a lens is defined as the ratio between focal length and aperture size. Most commercial lenses have f-numbers in the range of 1 to 11.3, in increasing powers of √ 2. After fixing M, (10) suggests that maximizing focal lengths improves the number of subchannels. In many use cases, the receiver may be a camera in a mobile device which has strict constraints on focal lengths and aperture sizes available. At the transmitter, large diameter lenses increase the number of sub-channels and high-quality commercial single element lenses are typically available at diameters less than 50 mm. Larger aperture Fresnel lenses are available, however, their imaging quality is lower than conventional optical lenses.
As a rough example, consider a smartphone camera receiver which typically has f 2 ≈ 4 mm, f-number ≈ 2 and D r ≈ 1μm. The transmitter can be realized using an array of μ-LEDs [18] with D t ≈ 20μm. To simplify spatial registration, let OSR ≈ 10. Using (11) gives f 1 ≈ 25.3 mm (i.e., one inch). To maximize data rate, l t should be chosen as large as possible. Commercial high-quality single element lenses are available with f-number near 1, giving l t ≈ 25.4 mm. Substituting into (10) gives an array of approximately 945 sub-channels available at transmission distance of 1 m.
B. Raptor Codes
Although the scale of the pixelated MIMO VLC system is fixed, both the window size and location will truncate the image in different locations depending on range and device orientation. In addition, the channel gains and noise statistics for each pixel sub-channel may be different and may even vary in time due to local interferers. In this work, we apply a packet level coding approach called fountain codes over the data sent to transmit pixels to track changes in channel characteristics due to window truncation while maintaining a communication link. Although many modulation formats are possible, assume that the transmit image is formed by an array of pixels transmitting on-off keying (OOK). For a given message, a fountain encoder emits a stream of packets which are mapped to individual pixels. Each packet sent by a transmit pixel is protected by a sufficiently long cyclic redundancy check (CRC) code which allows for high accuracy error detection. Thus, a packet is either received correctly or erased in the channel. Individual bits can be detected at the receiver in a variety of ways depending on the availability of channel state information at the receiver and the noise statistics. However, a single fountain code is used to encode all transmitted packets. The decoder can successfully recover the message packets once sufficient encoded packets are received, regardless of their order.
In particular, in this work we use an efficient Raptor code [19] , termed Raptor10, which has been standardized by 3GPP for mobile cellular broadcast [20] . Raptor10 codes are binary and systematic, i.e., for a k packet message, the first k encoded packets are the same as the original message. Fig. 5 presents the mapping of Raptor10 packets to the array of transmit pixels in space and time for the fixed-scale MIMO system. In each time interval, individual pixels are assigned a packet to transmit via OOK. The systematic packets are mapped to points nearest the optical axis under the assumption that coarse alignment is likely performed. Notice that if the systematic packets are received, decoding can occur with little overhead. In subsequent frame intervals, additional repair packets are transmitted by the transmit array. The Raptor10 code allows the communication system to adapt to different ranges and orientations automatically. For example, as range is increased, the window size decreases, fewer sub-channels are received. In this case, the Raptor10 code will require longer time to collect sufficient packets, adapting their rate to the channel conditions. In this work, a single sub-optimal threshold receiver is used assuming signal independent noise. Pixel sub-channels with high SNR will receive many packets while pixels which have a low channel gain or possibly a localized interference signal, will receive little correct packets. Section IV presents experimental results of this fixed-scale MIMO VLC system.
C. Localization Benefits
An extra benefit of the fixed-scale MIMO VLC design is that the angular-to-spatial mapping of the system can also provide localization information. Assuming that the receiver has knowledge of the packet mapping at the transmitter, the relative location of each received packet stream can be identified (e.g., using the encoding symbol identifier (ESI) of the Raptor10 packet [20] ). That is, the transmitter can provide accurate angular information about its position to the receiver. This information could be used to refine alignment or to provide location and context specific data to the user. Similar concepts were also presented in [16] and [21] , however, not in the context of using existing coding overhead to help in localization. Thus, this fixed-scale MIMO VLC design provides a hybrid localization and communication system. Fig. 6 shows the experimental setup with parameters listed in Table I . The goal of experiment is to demonstrate the feasibility of the approach with low-cost readily available components.
IV. EXPERIMENTAL RESULTS
A. Setup and Parameters
The transmitter is an LCD display [22] with a resolution of 1280×1024 pixels. Raptor10 coded OOK images are displayed and refreshed at the center of the display. All transmitted images are limited in size to 100 × 100 pixels. A coated double convex lens is placed at its focal length 50 mm from the display to perform space-to-angle mapping. Two black sheets are added to receiver to absorb stray reflections from other surfaces to ensure received light passes through the lens. The receiver is a CMOS camera [23] with a commercial lens [24] focused at infinity. The camera is installed onto a single rail and the centers of the transmit and receive lenses are controlled. The off-axis tolerance, | δ|, was limited to 10 mm while θ = 0 in the experiment. All tests were done under nominal illumination levels. Fig. 7 shows received images when the transmit image is a cross in a checkerboard pattern. Images are taken for two ranges (u = 40, 50 cm) and for two off-axis translations (| δ| = 0, 5 mm). Additionally, the computed window size, following (5) , is plotted as a circle. Notice that the computed window diameter using ray optics is a good fit for the observed window size for different u. For a given range, changing δ results in translation of window center truncating the transmitted image in a different location. Most importantly, the magnification, i.e., size of received pixels, does not change greatly by changing u. Changes in range result in changes in the window diameter and the number of visible pixel subchannels available for communication. The selection of the cross transmit image in this example was done to demonstrate the translation of the received image. When sending data, a more dense array of transmit pixels is employed.
B. Channel Measurements
Measurements of the window size and the number of receive pixels per transmit sub-channel are presented in Fig. 8 . All measurements are performed for | δ| = 0 and θ = 0. The window size is measured by transmitting an all white image and determining the edges of the received frame using a Canny edge detector [25] . The area of the enclosing figure is computed and the diameter of the corresponding circle is plotted in the figure and compared to the model given (5) . Notice that there is good agreement for small u and the fit is looser at longer ranges. This is likely due to the fact that satisfying the paraxial approximation over longer ranges is more difficult and at longer ranges pixels are dimmer making measurement more difficult. The side length of each transmit sub-channel is also plotted in units of number of received pixels. This metric is used to illustrate the size of each transmit sub-channel at the receiver over different u and, under the assumption of square pixels, is denoted as √ OSR following (11) . Notice that dimension of transmit sub-channel varies by about 4 pixels as the range changes by a factor of over 3 times (0.3 to 1 m). Thus, the scale of each transmit subchannel is nearly fixed at the receiver over a wide range of u. Although the scale is fixed, the absolute size of each transmit sub-channel is substantially larger than that predicated by the model. This is likely due to the camera digitizer and could be corrected with proper calibration.
A small scale communication system was implemented to test the available data rates of the fixed-scale MIMO channel over different ranges. To estimate the performance limits of the system, assume that equiprobable OOK is transmitted on each transmit pixel. For each u, the signal-to-noise ratio is measured Fig. 9 . Data rates. The red solid curve indicates the maximum information rate subject to binary modulation of each transmit sub-channel over u. Realized data rates with Raptor10 codes for | δ| = 0, 3 mm are also plotted.
for each transmit sub-channel at the receiver. The mutual information subject to binary equiprobable signalling, C i , can then be computed for each transmit sub-channel visible in the window W (x, y) at the receiver. Assuming no interference between the transmit sub-channels, the information rate of this channel can be estimated as C = C i in units of bits per frame and is shown with the solid line in Fig. 9 .
In addition, the throughput in bits/frame is also plotted when a Raptor10 code is applied to the transmit pixels for | δ| = 0, 3 mm and shown in Fig. 9 . The Raptor10 code is taken from the standard [20] with message length k = 1024 and symbol size 32 bits. Recall that the Raptor10 code is systematic and the message packets are clustered in the middle of the transmit frame with repair symbols surrounding as depicted in Fig. 5 . At the receiver, pixels corresponding to each transmit sub-channel are summed and used as a metric for detection. A simple sub-optimal threshold detector is employed for each sub-channel assuming signal independent noise. As is typical in Raptor coded systems, a 32-bit CRC is appended to each transmitted packet to detect and discard any packets in error making the likelihood of errors in the received stream negligible. The measured rates are averaged over at least 1000 frames to compute the throughput. Notice that there is a gap between the computed upper bound information rate and the Raptor10 encoded system due to packet loss in the channel. Additionally, the Raptor code scales the throughput of the channel for different ranges automatically given the scaling of the window. There is a small rate penalty when δ is non-zero. This is due to the fact that when δ = 0 decoder captures many of the systematic symbols sent by the encoder making decoding possible with less overhead. When off-axis, the decoder must collect additional repair packets to construct with transmitted message resulting in an increased overhead. Qualitatively, the performance of the system depends greatly on the quality of lenses and camera used. For large | δ| the rate may also adversely affected by aberrations in the receive lens. However, the Raptor code is able to adapt the rate to provide useable rates over a variety of ranges and misalignments.
C. Comparison to Conventional Pixelated Systems
Notice that unlike the conventional pixelated MIMO system [5] , this fixed-scale system is robust to misalignments and orientations and does not require refocusing or knowledge of the range. In the fixed-scale system the receiver lens is focused at infinity and data are multiplexed in angle and not in space directly.
The chief advantage of the fixed-scale MIMO system is that it provides a number of independent sub-channels from the transmitter to the receiver whose number decreases with range. Conversely, the conventional pixelated system has a single lens at the receiver and will have a larger field-of-view (FOV). Although this larger FOV may capture more transmit pixels, it is sensitive to focusing and scale errors.
Consider the example design in Sec. III-A based on a smartphone camera receiver and an array of μLEDs. At a range of 1 m, it It was estimated that the fixed-scale MIMO system would have on the order of 945 independent sub-channels. Consider a conventional pixelated MIMO system with the same smartphone camera ( f 2 = 4 mm) imaging the array of μLEDs directly (i.e., without the transmit lens). For the same 1 m range, assuming that the camera is properly focused on the transmitter array, it can be found that approximately 156 transmit pixels are imaged onto each receive pixel. That is, the transmitter must have knowledge of the user position and orientation to coordinate the emitted signals from each μLED to convey data to receiver. Although the total number of available channels will depend on the FOV of the camera, significant complexity and channel knowledge are essential in order to extract any multiplexing gains.
Thus, the key advantage of the fixed-scale MIMO system is to provide a low complexity system which is robust to alignment and provides multiplexing gains rather than maximizing the number of available spatial channels at the receiver.
V. CONCLUSIONS
This paper introduces a fixed-scale MIMO VLC system for short range broadcasting based on an imaging receiver. Data are transmitted in the angular domain rather than in space and the number of available channels depends on the angular subtense of the receiver from the transmitter. A key advantage of the fixed-scale system is that it does not require re-focusing and range estimation in order to decode individual sub-channels. Raptor codes are applied to automatically track the available rate depending on the number of sub-channels available at the receiver. Using arrays of μLEDs and an imaging sensor, the fixed-scale MIMO pixelated system is a practical means to achieve significant multiplexing gains in VLC systems.
Future work includes simulation and experiments for fixedscale MIMO system with higher order modulation, the use of multiple color emitters and receiver elements and the integration of localization into the fixed-scale MIMO communication system. Additionally, the design of more efficient rateless codes to track channel variations is essential to maximize the achievable rates of fixed-scale MIMO systems.
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